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Abstract 
   Research at the interface between nanoscience and biology has the potential to produce 
breakthroughs in fundamental science and lead to revolutionary technologies. In this review, we 
focus on nanoelectronic/biological interfaces. First, we discuss nanoscale field effect transistors 
(nanoFETs) as probes to study cellular systems, including the realization of nanoFET 
comparable in size to biological nanostructures involved in communication using synthesized 
nanowires. Second, we overview current progress in multiplexed extracellular sensing using 
planar nanoFET arrays. Third, we describe the design and implementation of three distinct 
nanoFETs used to realize the first intracellular electrical recording from single cells. Fourth, we 
present recent progress in merging electronic and biological systems at the 3D tissue level by 
using macroporous nanoelectronic scaffolds. Finally, we discuss future development in this 3 
 
research area, the unique challenges and opportunities, and the tremendous impact these 
nanoFET based technologies might have in advancing biology and medical sciences. 4 
 
1.  INTRODUCTION 
    Semiconductor science and technology is a driving force of the modern society due to the 
ever-increasing miniaturization of semiconductor processing and transistor devices(1-6). To 
continue the remarkable success of semiconductor technology and possibly produce new 
paradigms for logic, memory and sensor devices, many researchers have been investigating 
devices based on synthesized nanostructures(2,5,7-12) in which geometries, organizations and 
physical properties can be designed and controlled at the nanometer scale. 
    A wide spectrum of nanostructured materials have been designed and synthesized over the 
past several decades, including colloidal nanoparticles(13,14), semiconductor nanowires 
(NW)(3,4,15,16), and graphene(10,17-20), where properties distinct from their bulk counterparts 
have been discovered and exploited.   For any class of nanostructured materials to become a 
platform for discovery and development, it is critical that new structures and assemblies with 
tunable composition, morphology, and properties at different length scales be 
obtainable(3,10,18).  In this regard, semiconductor nanowires have been recognized as one of the 
most successful platforms available today in nanoscience. First, it is now possible to design 
nanowire structures de novo and synthetically realize these structures with complex, yet 
controlled, modulations in composition(8,16,21-26), doping(16,23), defect(27-29) and even 
topography(30-32). Second, this high-level of synthetic control enables nanowire building blocks 
to be created that have predictable physical properties for testing fundamental limits of 
performance(5,16). Third, it is now possible to assemble hybrid or multicomponent functional 
materials in novel layout and configuration using these diverse nanowire building blocks(31,33-
45), allowing for rational exploration of the possible applications of multi-component materials. 
With these characteristics and capabilities, nanowires are ideal building blocks for exploring 
what is possible in nanoscience and also creating new technologies. This has been the focus in 
nanoscience community over the past decade and continues to be so as it crosses over other 
disciplines, such as synthetic biology(46-51). 
    Research at the interface between nanoscience and biology has the potential to produce 
breakthroughs in fundamental sciences and lead to revolutionary technologies(52,53). In 
particular, the exploration and application of semiconductor nanowire materials and devices in 
cellular systems could produce unprecedented interactions down to the molecular level. Such 5 
 
interactions have been utilized to gain insights especially those relevant to human health by 
stimulating, recording from and delivering objects to single cells and tissues in controlled ways 
to induce desired physiological responses, while minimizing undesirable effects(52,53).  
    There are two types of nanowire-based platforms in biomedical sciences: basic platforms that 
can be readily adapted to address biomedical questions; and advanced platforms that are 
specifically designed to push the frontiers of what is possible by, for example, enabling a new 
measurement tool. The basic platforms use conventional nanowire material and device systems 
with well-exploited physical or chemical properties, and they also have wide-ranging 
applications in many other fields, such as energy scavenging systems(54-61) or components for 
integrated circuit(34,35). These basic platforms, such as planar nanowire field effect 
transistors(34,35,37,40,43) or vertical nanowire arrays(55-58,60,61), have been used in 
biomolecular sensing(52,53), extracellular recording(52,53), drug delivery(62-64) and localized 
cellular imaging(65). On the other side, the advanced platforms have been designed to address 
some intrinsic complexity in biology and medical sciences in way simply not possible previously. 
They allow new types or new scales of interact and measurements with their target 
systems(31,66-68), and in so doing, open up completely new opportunities in science and 
technology. Examples of advanced platforms include recent intracellular field effect transistor 
probes(31,67-69) and nanoelectronics-innervated synthetic tissues(66).  
    This review discusses the basic concepts of nanoscale field effect transistors (nanoFETs) and 
their applications in cellular electrophysiology. The first section highlights the motivation behind 
nanoFET probes to study cellular systems versus existing recording technologies, followed by 
the introduction of chemical synthesis to realize nanoFETs de novo. The second section gives an 
overview of the current progress in multiplexed extracellular sensing using planar nanoFET 
arrays. Electrical recordings at single cell, tissue and organ levels will be discussed, and their 
limits and promises will be delineated. The third section will detail the main designs and 
implementations of nanoFETs in intracellular electrical recording from single cells, the first 
paradigm change in intracellular electrophysiology since the 1950s. NanoFET based techniques 
will be compared with conventional micropipette and microelectrode probes, and the limits and 
future opportunities of these new probes will be discussed. The fourth section will introduce very 
recent progress in merging electronic and biological systems at the 3D tissue level by introducing 6 
 
the new concept of macroporous nanoelectronic scaffolds. The first-ever nanoelectronics 
‘innervated’ synthetic tissues will be reviewed and their applications will be discussed. The final 
section will present our perspectives on future development in this research area, the unique 
challenges and opportunities, and the tremendous impact these nanoFET based technologies 
might have in advancing biology and medical sciences. 
 
2.  FUNDAMENTALS OF NANOFET 
2.1.  Why and how are nanoFETs applied in biology and medicine? 
   The ability to make electrical measurements inside single cells or throughout the entire 3D 
space of the tissue can have many important impacts in electrophysiology and biomedical 
sciences. The patch clamp technique, in which a pulled glass micropipette filled with electrolyte 
is inserted into a cell, offers intracellular electrical measurements with high signal-to-noise ratio 
(S/N) and single ion channel recording capability(70). Ideally, the micropipette should be as 
small as possible to increase the spatial resolution and reduce the invasiveness of the 
measurement, and ideally, allow for recording from subcellular structures. However, the overall 
performance of the technique also depends on the impedance of the interface between the 
micropipette and the cell interior (i.e., the smaller the probe tip size, the larger the junction 
impedance), which sets limits on the temporal resolution and S/N of the micropipette-based 
electrical probes(31,41). Advanced techniques that involve inserting metal or carbon 
microelectrodes or nanoelectrodes into cells or tissues could be subject to similar dilemma, 
because all these tools are single terminal devices and electrochemical thermodynamics and 
kinetics must be considered for device operation(71-78). We will discuss them in details in the 
subsequent sections.   
In integrated circuits, the basic device element is a multi-terminal FET that uses either 
electrons or holes as the charge carriers(79) (Figure 1a). Although the charge carriers are ions in 
biological systems, there are many biophysical links that connect ions to electrons and holes in a 
FET. For example, the dynamic flow of ions in biological system can generate spatially defined 
field potential(80). The Poisson equation(81) links such potentials directly to the ionic current 
sources and sinks that produce them. The Goldman-Hodgkin-Katz voltage equation(81) has also 
been used in cell membrane physiology to determine the equilibrium potential across a cell's 7 
 
membrane, where it takes into account all of the ions that permeate through that membrane. The 
potentials, generated by ion flows and gradients, can function as the gate signals to modulate the 
electrical output in FET devices (Figure 1b and 1c). The sensitivity of a FET or how well the 
transistor can receive and amplify the gate signal is usually defined as transconductance 
(Gm)(6,52,53,79), which is inversely proportional to the dimension (L) of the active device(6). 
This fact implies that the use of nanoelectronics would have improved sensitivity compared to its 
bulk and planar counterparts. As shown in the following sections, nanoFETs have shown to be 
able to record electric potentials inside cells(31,67-69) and from the internal regions of synthetic 
tissues(66), and because their performance does not depend on impedance, they can be made 
much smaller than micropipettes and microelectrodes. Moreover, nanoFET arrays are better 
suited for multiplexed measurements(67,68). 
2.2.  Chemical synthesis of nanoFETs 
     Three distinct classes of de novo design and synthesis have been used to yield nanoFETs 
building blocks , covering structural motifs in one-dimension (1D), 2D and 3D (Figure 2). The 
basic semiconductor nanowire structure (Figure 2a, I) consists of a uniform composition, 1D 
structure with a diameter typically in the range of 3–500 nm. In the growth process, which builds 
upon earlier work showing vapor-liquid-solid (VLS) growth of micrometer to millimeter 
diameter wires(82,83), the nanocluster catalyst (typically gold nanoparticles) forms a liquid 
solution with nanowire reactant component(s), and when supersaturated, acts as the nucleation 
site for crystallization and preferential 1D growth(84,85). Other growth mechanisms, such as 
vapor-solid-solid (VSS) and vapor-solid (VS)(15), can also be explored to yield high quality 
semiconductor nanowires. Within this framework, it is straightforward to synthesize nanowires 
with different compositions, such as groups III-V, IV and II-VI semiconductors(8,15,86,87), 
using the appropriate nanocluster catalysts and growth temperatures/pressures. Additionally, 
nanowire structures in which the composition, dopant and even growth mechanisms (e.g., VLS, 
VSS) are modulated along axial(21,22,88-90) (Figure 2b) or radial directions(25,29,91)have also 
been widely exploited. These axial and radial nanowire heterostructures provide a number of 
advantages compared to homogeneous semiconductor nanowires, and they have proven 
exceptionally powerful for a broad range of electronic, photonic and optoelectronic device 
applications(16). For example, germanium/silicon core/shell nanowires have been chemically 8 
 
synthesized for high mobility nanowire FETs due to quantum confinement of carriers within the 
germanium core by the larger band-gap silicon shell(5,92-95). 
    The second structural motif was recently demonstrated by an approach in which topological 
centers are synthetically introduced in a controlled manner in linear 1D structures (Figure 2a, 
II)(31,32). In this area, we demonstrated that iterative control over nucleation and growth leads 
to kinked nanowires, in which the straight sections are separated by triangular joints and where 
doping can be varied at these topologically defined points (Figure 2c). Moreover, new work has 
shown that it is possible to control the stereochemistry of adjacent kinks in a manner that allows 
the synthesis of increasingly complex two- and three-dimensional structures akin to organic 
chemistry, thus opening up a great opportunity for the future in terms of designed synthesis(31). 
   A third basic motif involves the synthesis of branched or tree-like nanowire structures (Figure 
2a, III)(24,26,96). To this end, we reported a rational, multistep approach toward the general 
synthesis of 3D branched nanowire heterostructures(24). Single-crystalline semiconductor, 
including groups IV, III–V, and II–VI, and metal branches have been selectively grown on core 
or core/shell nanowire backbones, with the composition, morphology, and doping of core 
(core/shell) nanowires and branch nanowireswell controlled during synthesis. 
   Although the first structural motif has been used most extensively as building blocks of basic 
platforms, the second and third motifs have much higher level of structural and functional 
complexity, and show great potential of bottom-up synthesis to yield increasingly powerful 
functional building blocks for advanced platforms. 
 
3.  MULTIPLEXED EXTRACELLULAR ELECTRICAL RECORDING 
3.1.   Why nanoFETs for multiplexed extracellular recording 
   Natural and synthetic cellular assemblies are usually organized into 2D or 3D hierarchical 
networks operating on spatial and temporal scales that span multiple orders of magnitude. 
Advances in microfabrication of high-density passive multielectrode arrays (MEAs) and active 
transistor arrays on silicon substrates enable direct electrical recording down to ca. 10 
micrometer length scales, although it is important to recognize that signals recorded within ~100 
µm are often correlated
4-6, and moreover, it has been difficult to to resolve the cellular signals at 
the single cell level. As mentioned above,  simply reducing the size of individual metal 9 
 
electrodes to achieve more localized detection is not viable due to corresponding increases in 
their impedance
7,8, which intrinsically limits the resolution of such passive recording devices. 
   Silicon nanowire nanoFET arrays have several features that make them unique for high-
resolution multiplexed extracellular recording from cellular systems. First, previous studies have 
shown that nanowire nanoFETs can exhibit ultra-high sensitivity detection of charged 
biomolecules, including detection of single particles(53). Second, bottom-up fabrication of 
nanoFETs yields devices that have nanoscale protrusions from the substrate surface(53,97). This 
can reduce device to cell/tissue separation and promote enhanced cell-nanostructure interaction 
and has resulted in high S/N extracellular recording of field potentials from cultured cells and 
cardiac tissue with signals improved compared to planar FETs. Third, the bottom-up approach 
also enables high-performance nanoFET fabrication on transparent, flexible and stretchable 
substrates(34,38-40). The freedom to design device structures and arrays on substrates adapted to 
specific biological applications also opens up new possibilities for interfacing with living tissues, 
for example, bio-resorbable and implantable devices(98-101). This freedom also allows other 
measurements or manipulations to be performed in conjunction with nanoFET recordings, such 
as high-resolution optical imaging. Fourth, the active junction area of typical nanoFETs, 0.01~ 
0.1µm
2, is much smaller and can provide better spatial resolution of signals compared to MEA 
and planar FETs that are 10
2 to 10
5 times larger in active area(41). Last, nanoFET detectors 
provide fast intrinsic response time which is critical for high temporal resolution 
recordings(95,102). 
3.2.   Electrical interfacing with cultured neurons 
   An early example of multiplexed nanoFET recording layout consists of a neonatal rat cortical 
neuron and four peripheral silicon nanoFETs that are arranged at the corners of a rectangle, 
where polylysine patterning was used to promote axon and dendrites growth across single 
nanoFETs(103) (Figure 3a). This multiplexed nanoFET/neurite hybrid was used to study spike 
propagation with NW1 as a local input to elicit action potential spikes. After stimulation with a 
biphasic pulse sequence, back propagation of the elicited action potential was detected in the two 
dendrites crossing elements NW2 and NW3. The lack of observed signal from NW4 
demonstrates the absence of crosstalk in the hybrid device array, and thus the capability for 
multiplexed subcellular resolution detection. 10 
 
3.3.   Recording from cardiomyocyte monolayers 
   We also carried out multiplexed measurements using the nanoFET arrays interfaced with 
cultured embryonic chicken cardiomyocytes (Figure 3b)(33). The nanoFETs were patterned in a 
linear array with an average spacing of 300 μm so that signal propagation within cardiomyocyte 
monolayers could be characterized. Recording from multiple nanoFETs in contact with 
spontaneously beating monolayer yielded very stable and high S/N (>10) field potential spikes. 
In this experiment, the relative large signal magnitude confirmed that a good junction is formed 
between each of the nanoFETs and PDMS/cell substrate. Additionally, a cross-correlation 
method was used to determine robustly the time differences between the signals recorded by the 
devices. The time shifts between devices and device separations yielded propagation speeds of 
0.07–0.21 m/s that are consistent with other measurement on cardiomyocyte monolayers. The 
variation in propagation speeds in these initial studies is not surprising given the monolayer 
inhomogeneity and suggests an important future direction. We suggest that high-resolution 
multiplexed nanoFET recording together with optical imaging will enable details of intercellular 
propagation to be characterized for well-defined cellular structures. 
3.4.   Recording from tissues and organs 
   Finally, nanoFETs have been used to probe electrical activities from tissues and organs(41,42). 
To this end, we have studied the activity patterns of layer II/III cells in the piriform cortex of 
acute rat brain slices by stimulating different sets of axon fibers in the lateral olfactory tract 
(LOT). In a representative experiment, eight devices within a four-by-four 2D array oriented 
under the pyramidal cell layer of an acute slice were simultaneously monitored following 
stimulation at eight different spots (a–h) in the LOT(41) (Figure 3c). Strong stimulation of all 
axons fibers in the LOT yielded similar response by nanoFETs 1–8 with clear population spike 
signals (postsynaptic activities) regardless of stimulation positions. Reduced stimulation intensity 
was also used so that at each spot only a subgroup of fibers was activated. Notably, visual 
inspection of 2D activity maps for each of the eight stimulation positions demonstrates clearly 
how heterogeneous activity can be resolved (Figure 3d), and thus define a complex functional 
connectivity in the piriform cortex. 
3.5.   Challenges and promises 11 
 
    Although great progress has been made in the extracellular electrical recordings using 
nanowire nanoFETs, many challenges remain. For example, there is still a pressing need to 
further enhance the nanoFET S/N so that very weak endogenous biological signals, with the 
amplitude of ~ 100 µV, can be readily resolved. We can potentially achieve this goal by (1) new 
chemical design and synthesis of high mobility nanowire building blocks for nanoFET, (2) 
nanoscale engineering of nanowire materials to reduce nanoFET noise by, for example, thermal 
annealing and/or surface passivation. 
   It is also important to note that the high input impedance of the nanoFETs circumvents the 
common challenges confronted by implanted microelectrodes, where gradual increases of single 
terminal device impedance due to, for example, absorption of proteins, leads to degraded S/N 
over time(41,104,105). This feature makes nanoFETs very promising for multiplexed, in vivo 
chronic recordings. This is particularly true considering the facts that (i) nanoscale device feature 
size allows integration of multiple nanoFETs on minimally invasive and movable 
electrophysiological probes(68), (ii) bottom-up fabrication makes it possible to choose 
biocompatible or even biodegradable materials as substrates to reduce mechanical mismatch and 
to minimize inflammatory tissue response(31,66,68,98-101), and (iii) the nanoscale topology 
could be arbitrarily designed de novo to promote better attachment of single cells or even 
intracellular contacts. Therefore, nanoFETs should bring many exciting opportunities to 
interfacing living tissue and organs with electronics for biomedical applications (e.g., diagnostic 
devices for brain trauma and surgical tools for cardiac therapy), and even new cybernetic 
biosystems for hybrid information processing. 
 
4.  INTRACELLULAR ELECTRICAL RECORDING 
4.1.   Why intracellular? 
   As the key cellular component, lipid membranes represent important structural and protective 
elements of the cell that form a stable, self-healing, and virtually impenetrable barrier to the ions 
and small molecules(106). Since these membranes have resistance (R) and capacitance (C), the 
membrane RC circuit also behaves as an electrical barrier and would attenuate and even distort 
the intracellular signals as they are detected by extracellular sensors. More importantly, although 
cellular signal transduction often starts with an extracellular signaling molecules activating a cell 12 
 
surface receptor, it is the subsequent intracellular processing that eventually creates a cellular 
response. Deciphering of such intracellular signal transmission and amplification processes is 
critical to the understanding of cellular information flow and cell physiology. Therefore, it is 
highly desirable to deliver nanoFETs into the cell and directly record intracellular electrical 
activities, which can provide much more detailed understanding of the inner workings of cells.. 
4.2.   Why nanoFETs for intracellular recording? 
   Although nanoFETs have been exploited for ultrasensitive detection of biological markers and 
high-resolution extracellular recording from cells(53), localized and tunable intracellular sensing 
and recording had not been demonstrated prior to our work because all FET and nanoFET 
devices were created on planar substrates --- using the basic nanoFET platform. Ideally, rather 
than force the cell to conform to the substrate, a movable and 3D nanoFET with the necessary 
source (S) and drain (D) electrical connections could move into contact with the cell and probe 
within the cell membrane. However, minimally invasive insertion of a nanoFET into the 
confined 3D space of single cells, or even 3D cellular networks, was still a major challenge 
before year 2010 because the S and D typically dominated the overall device size and defined a 
planar and rigid structure, regardless of whether the nanoFET was on or suspended above a 
substrate. An advanced nanoFET platform that is designed specifically for intracellular 
measurement is needed to meet this requirement(32,67-69). Three distinct examples that we have 
recently introduced to address this central challenge are shown schematically in Figure 4a, and 
include (1) kinked nanowire nanoFET, (2) branched-intracellular nanotube nanoFET, and (3) 
active nanotube nanoFET devices. 
   Existing probes capable of intracellular sensing and recording include voltage-sensitive optical 
dyes or proteins(107-110), and single-terminal glass or carbon microelectrodes as mentioned 
briefly in prior section(70,72) (Figure 5). Voltage-sensitive dyes can readily be used to 
interrogate action potentials with high spatial resolution, but they still have limitations in terms 
of signal-to-noise (S/N) ratio, pharmacological side effects, phototoxicity, and difficulty in 
differentiating single spikes(108). For electrical probes (Figure 5), the single electrical 
connection facilitates design and mechanical insertion into cells, but the requirement of direct 
ionic and/or electrical junctions between probe tips and cytosol also introduce several limitations. 
First, the tip size of these probes (~0.2 to 5 µm) is a compromise between being small enough 13 
 
(<5 µm) to penetrate or rupture the cell membrane with minimum damage and large enough 
(>0.2 µm) to yield a junction impedance that is sufficiently low so that small cellular signals can 
be discerned from thermal noise. Second, direct exposure of intracellular species to extraneous 
probe surfaces or electrolytes in probe lumen, especially for larger glass micropipettes, might 
induce irreversible changes to cells and, thus, prevent long-term and noninvasive cellular 
recordings. Finally, these probe techniques are intrinsically passive and are not capable of built-
in signal processing and facile integration with other circuitries, especially given the emerging 
need to enable a cell-machine communication(111-114). 
   NanoFETs can function in a sub–10-nm-size regime(2). In principle, their exceptionally small 
size enables them to function as mechanically noninvasive probes capable of entering cells 
through endocytic pathways, as can occur with nanoparticles(115-118). Moreover, when 
interfacing with cells, nanoFETs process input/output information without the need for direct 
exchange with cellular ions; thus, the issues of interfacial impedance and biochemical 
invasiveness to cells can be ignored or minimized (Figure 5). In addition, because signals are 
transduced by change in field/potential at well-isolated surfaces, nanoFETs can detect cellular 
potential, as well as biological macromolecules, and could be integrated for potential multiplexed 
intracellular measurements. Until recently, these advantages could not be exploited, although our 
recent work
(31,67-69) (Figure 4a) has now shown three solutions that open up these exciting 
opportunities. 
4.3.   Designs and implementation of intracellular nanoFET probes 
    In 2010, the first nanoFET intracellular probes were designed and chemically synthesized 
without lithography to encode a ~ 100 nm FET device at the apex of a kinked 
nanowire(31)(Figure 4a,b). This was achieved through control over cis-/trans- conformations and 
modulation doping during the silicon nanowire synthesis(31,32). Subsequently, the free arms of 
such kinked nanowires were electrically contacted to free-standing and flexible electrodes. 
Electrical characterization of the 3D nanowire probes showed they were robust to mechanical 
deformation, recorded solution pH changes with high-resolution, and, when modified with 
phospholipid bilayers, recorded the intracellular potential of single cells. Significantly, electrical 
recordings of spontaneously beating cardiomyocytes demonstrated that the 3D nanoFET probes 
continuously monitored extra- to intracellular signals during cellular uptake for the first time. 14 
 
The nanometer size, biomimetic surface coating, and flexible 3D device geometry render these 
active semiconductor nanoprobes a new and powerful tool for intracellular electrophysiology. 
   The kinked nanoFET based intracellular recording represents the first example of interfacing 
semiconductor devices with cells intracellularly, but the kink configuration and device design 
also place certain limits on the probe size and the potential for multiplexing. To address these 
issues, we reported a new device platform in which a branched SiO2 nanotube was synthetically 
integrated on top of a nanoFET (BIT-FET)(67)(Figure 4a,c). This branched nanotube penetrated 
the cell membrane, bringing the cell cytosol into contact with the extracellular FET, thus 
allowing intracellular recording of transmembrane potential. Studies of cardiomyocyte cells 
demonstrated that when phospholipid-modified BIT-FETs are brought close to cells, the 
nanotubes spontaneously penetrate the cell membrane and yield full-amplitude intracellular 
action potentials, thus showing that a stable and tight seal forms between the nanotube and cell 
membrane. Significantly, we also showed that multiple BIT-FETs can be used for multiplexed 
intracellular electrical recordings from both single cells and networks of cells. 
   Recently, we also demonstrated a conceptually new and practically simple nanoFET probe that 
consists of a single semiconductor nanotube(68)(Figure 4a,d). The fabrication of the active 
nanotube transistor (ANTT) intracellular probe involves the fabrication of S/D contacts to one 
end of a silicon or other semiconductor nanotube, and electrical isolation of these S/D contacts 
from surrounding medium. Then the solution filling the interior of the nanotube can gate the 
transistor and the variation of interior electrochemical potential is recorded as a change in device 
conductance.  In experiments, the free end of ANTT probes were inserted into cardiomyocyte 
cells, and the time-dependent changes associated with action potential spikes were recorded by 
this nanoFET probe. As expected, if a similarly configured solid nanowire nanoFET was inserted 
into the cell, no signal was observed since it would not be possible to “gate” the nanoFET. 
Finally, the straightforward fabrication of ANTT devices was exploited to prepare multiple 
ANTTs at the end of single probes, which enabled multiplexed recording of full-amplitude 
intracellular action potentials from single cells, and multiplexed arrays of single ANTT device 
probes (Figure 4d). 
4.4.   Challenges and promises 15 
 
   Despite these advances, additional work remains to advance further the nanoFET-based 
intracellular measurement techniques (Figure 5). For example, the S/N is, at current stage, not 
better than that from glass micropipette recordings although spatial resolution is much higher. 
The current designs of nanoFETs only enable potential recordings, but measurement of ionic 
currents is also possible if other signal transduction mechanisms are combined with nanoFET. 
Moreover, the capability for cell stimulation in addition to recording is still lacking. Nevertheless, 
we believe that the advantages of the nanoFET intracellular probes already demonstrated in our 
work, including the capability to realize sub-10 nm probes, ease of operations (e.g., there is no 
need to compensate/calibrate the probe junction potential and capacitance, etc.), the biomimetic 
cellular entrance, minimal mechanical and biochemical invasiveness, and the potential for large-
scale, high-density, multiplexed recording, make them very attractive new measurement tools 
that will extend substantially the scope of fundamental and applied electrophysiology studies to 
regimes hard to access by current methods. For example, an exciting future application of these 
nanoFET probes will be measuring membrane potentials directly from cellular organelles, a Holy 
Grail in intracellular electrophysiology. 
 
5.  NANOELECTRONICS INNERVATED SYNTHETIC TISSUES 
   The development of synthetic 3D macroporous biomaterials as extracellular matrices (ECMs) 
represents a key area because (i) functionalized 3D biomaterials allow for studies of cell/tissue 
development in the presence of spatiotemporal biochemical stimulants(119,120), and (ii) the 
understanding of pharmacological response of cells within synthetic tissues(121-123) is expected 
to provide a more robust link to in vivo disease treatment than that from 2D cell cultures. 
Advancing further such biomaterials requires capabilities for monitoring cells throughout the 3D 
microenvironment. While electrical sensors are attractive tools, it has not been possible to 
integrate such elements with porous 3D scaffolds for localized real-time monitoring of cellular 
activities and physicochemical changes. 
   Recent efforts in coupling electronics and tissues have focused on flexible, stretchable planar 
arrays that conform to tissue surfaces(10,42,53,98-101), or implantable microfabricated 
probes(124). These approaches have been used to probe electrical activities near surfaces of the 
heart, brain and skin, and they have shown translational potential. However, these new electronic 16 
 
tools are currently limited in merging electronics with tissues throughout 3D space while 
minimizing tissue disruption, because of the 2D support structures and the electronic sensors are 
generally much larger scale than the extracellular matrix (ECM) and cells. Our studies using 
nanoFETs have shown that electronic devices with nanoscopic features were able detect extra- 
and intracellular potentials from single cells but had also been limited to surface or near surface 
recording from tissue and organs(42,53).  Merging electronics seamlessly throughout tissues 
(Figure 6a) had remained a major challenge. To address this challenge we recently set-forth the 
key constraints
(66) include: (1) The electronic structures must be macroporous, not planar, to 
enable 3D interpenetration with biomaterials; (2) the electronic network should have nanometer 
to micrometer scale features comparable to biomaterial scaffolds; and (3) the electronic network 
must have 3D interconnectivity and mechanical properties similar to biomaterials (Figure 6b). 
5.1.   A new concept of merging electronics with cellular systems 
   Our fundamentally new approach integrates nanoelectronics into tissues in 3D, and the 
integrative synthetic approach involved stepwise incorporation of biomimetic and biological 
elements into nanoelectronic networks across nanometer to centimeter size scales(66) (Figure 6a). 
First, chemically synthesized kinked or uniform silicon nanowires were registered and 
electrically connected to yield FETs (step A, Figure 6a), forming the nanoelectronic sensor 
elements for hybrid biomaterials. Second, individual nanoFET devices were arranged and 
integrated into free-standing macroporous scaffolds (step B, Figure 6a), termed ‘nanoelectronic 
scaffolds’ (nanoES). The nanoES were tailored to be 3D, to have nanometer to micrometer 
features with high (>99 %) porosity, and to be highly flexible and biocompatible. NanoES could 
also be hybridized with biodegradable synthetic ECMs to enable suitable cellular 
microenvironments prior to tissue culture. Finally, cells were cultured inside nanoES or hybrid 
nanoES (step C, Figure 6a), with subsequent generation of biological species and the merging of 
cells with nanoelectronics in 3D. The entire biomimetic process make a natural transition from 
electronic to biological systems by integrating the third component, nanoES, into the synthetic 
tissues (Figure 6c). Metal-electrode or carbon nanotube/nanofiber based passive detectors are not 
considered in our work because impedance limitations (i.e., signal/noise and temporal resolution 
degrade as the area of the metal or carbon electrodes is decreased) make it difficult to reduce the 17 
 
size of individual electrodes to the subcellular level, a size regime necessary to achieve 
noninvasive 3D interface of electronics with cells in tissue. 
5.2.   Designs and preparation of synthetic tissues 
   In our experiments, we have designed two types of 3D macroporous nanoES (reticular- and 
mesh- nanoES) to mimic the structure of natural tissue scaffolds (Figure 7)
(66). These nanoES 
were formed by self-organization of coplanar reticular networks with built-in strain (Figure 7a) 
and by manual manipulation of 2D mesh matrices (Figure 7b). We showed that nanoES 
exhibited robust electronic properties and could be used alone or seamlessly merged with other 
biomaterials as biocompatible extracellular scaffolds for efficient 3D culture of neurons, 
cardiomyocytes and smooth muscle cells (Figure 7c,d). Significantly, we have demonstrated 
multiplexed electrical recordings of extracellular field potentials from 3D nanoelectronic 
innervated cardiac patches, including the effects of drugs (Figure 7e,f). The results suggested the 
feasibility of continuous electrical monitoring of engineered tissue in 3D for in vitro therapeutic 
assays. Finally, we have used 3D distributed nanoelectronic devices for simultaneous monitoring 
of pH inside and outside an engineered tubular vascular construct that was developed from the 
nanoelectronic scaffold, suggesting the potential of a multifunctional prosthetics. 
5.3.   Challenges and promises 
   These results open up a new field whereby nanoelectronics are merged with biological systems 
in 3D, and as in any nascent area opportunities and challenges abound. For example, the sensing 
capabilities could be broadened to address various disease states, in vitro (organ-on-a-chip) or in 
vivo(125) by exploiting the diverse nanowire building blocks available from designed synthesis. 
Cell or tissue interactions with nanoES could be fine-tuned by modification with cell growth 
determinants(121). NanoES could be enhanced to provide electrical and mechanical stimulation 
to enhance cell culture; in vivo these properties could provide functionalities such as pacing, and 
moduli that match those of host tissues. Long-term in vivo biocompatibility of nanoES should be 
studied. One can envision nanoES-based tissues that are hard-wired to provide closed-loop 
systems that sense and treat, that enable telemetric monitoring of physiological processes, or that 
provide connections between engineered constructs with the host nervous system. 
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   The challenges associated with nanotechnology applications in biomedical sciences are 
numerous, but the impact on understanding how the cardiac or nervous systems work, how they 
fails in disease and how we can intervene at a nanoscopic or even a molecular level is significant. 
For example, neural developmental factors, such as the cadherins, laminins and bone 
morphometric protein families, as well as their receptors, could be manipulated in new 
ways(126). The bottom-up nanowire nanotechnology offers the capacity to explore the functional 
specificity of these molecules by incorporating them into pre-defined locations in nanowire 
devices to have highly targeted effects towards single cells. 
   The merging of nanoelectronics or nanoscience in general with the entire fields of synthetic 
biology and/or system biology(46,47) is also tempting and could be highly rewarding. This 
would be one of the next big leaps in materials sciences and biological sciences. It is especially 
true given that there’s a whole toolbox of nanoelectronic and nanophotonic devices that one can 
think about building into cellular circuitry and merging them with biological information 
processing systems, and the fact that we have already achieved the intracellular interrogation(31) 
and the 3D electrical innervation of tissues(66) with semiconductor nanoelectronics! 
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FIGURE CAPTIONS 
Figure 1. FET basics and electrical interfaces between nanoFET and biological systems.  (a) 
Schematic of a planar FET device. In FET, current flows along a semiconductor path called the 
channel. At one end of the channel, there is an electrode called the source. At the other end of the 
channel, there is an electrode called the drain. The third electrode that applies a voltage to the 
channel is called gate, which modulates the electron/hole carrier density and the output of the 
FET devices. A small voltage change in gate signal can cause a large variation in the current 
from the source to the drain. This is how FET works and in particular, amplifies signals. (b-c) 
Schematics of electrically based cellular sensing using a kinked nanoFET, where intracellular 
potentials (b) or extracellular field potentials (c) can be used to change the nanoFET conductace, 
analogous to applying a voltage using a gate electrode. 
 
Figure 2. Semiconductor nanowire structural motifs for nanoFETs. (a) Schematics of 1D (I), 
2D (II) and 3D (III) motifs. 1D motif (I) can have uniform composition and doping (I, left) or 
axially (I, middle) or radially (I, right) modulated. A kinked nanowire with structurally coherent 
“kinks” introduced in a controlled manner during axial elongation represents an example of 2D 
motif (II). Heterobranched nanowires yield 3D structure (III) and the branch junction (e.g., 
blue/yellow segment junction) can be exploited for localized sensing. (b) An axial nanowire 
heterostructure made by modulation in VLS/VSS growth mechanisms. (c) A multiply kinked 
nanowire showing a probe structure. Yellow and magenta stars denote cis- and trans- 
conformations, respectively.  
 
Figure 3. Multiplexed extracellular electrical recordings using nanoFETs. (a) Optical image 
of a cortical neuron interfaced to three of the four functional nanoFETs in an array. (b) upper 
panel, optical micrograph showing three nanoFET devices (NW1, NW2, and NW3) in a linear 
array, where pink indicates the area with exposed NW devices. Lower panel, a differential 
interference contrast bright field image showing individual cardiomyocytes (purple) and single 
nanoFETs (yellow). (c) Optical image of an acute slice over a 4 × 4 NWFET array. Signals were 
recorded simultaneously from the eight devices indicated on the image. Crosses along the LOT 26 
 
fiber region of the slice mark the stimulation spots a–h. The stimulator insertion depth was not 
controlled precisely in these experiments. (d) Maps of the relative signal intensity or activity for 
devices 1–8. 
 
Figure 4. Intracellular electrical recordings using nanoFETs. (a) Schematics of kinked 
nanoFET (left), BIT-FET (middle) and ANTT (right) probes. (b) SEM image of a kinked 
nanoFET probe (I) and its intracellular electrical recordings (II, III) from spontaneously beating 
cardiomyocytes. (c) SEM of a BIT-FET probe, insets highlight the tip and root parts of the 
hollow branch. (d) SEM image of ANTT probe array.  
 
Figure 5. A comparison between kinked nanoFET probe (a) and conventional intracellular 
tools (b-d). The green arrows in (a-d) indicate the current flows. Rs, series resistance; Rj, 
junction resistance; Rm, membrane resistance; Vm, intracellular potential; Cj, junction 
capacitance; Cm, membrane capacitance.  
 
Figure 6. Integrating nanoelectronics with cells and tissue. Conventional bulk electronics are 
distinct from biological systems in composition, structural hierarchy, mechanics and function. 
Their electrical coupling at the tissue/organ level is usually limited to the tissue surface, where 
only boundary or global information can be gleaned unless invasive approaches are used. (a) A 
new concept was introduced where an integrated system can be created from discrete electronic 
and biological building blocks (for example, semiconductor nanowires, molecular precursors of 
polymers and single cells). Three biomimetic and bottom-up steps have been designed: step A, 
patterning, metallization and epoxy passivation for single-nanowire FETs; step B, forming 3D 
nanowire FET matrices (nanoelectric scaffolds) by self or manual organization and hybridization 
with traditional ECMs; step C, incorporation of cells and growth of synthetic tissue through 
biological processes. Yellow dots: nanowire components; blue ribbons: metal and epoxy 
interconnects; green ribbons: traditional ECMs; pink: cells. (b) Rationale and approaches for 
biomimetic implementation of nanoelectronics innervated synthetic tissues. A, B and C are the 
same steps used in (a). (c) The new electronic scaffold component in synthetic tissues enables 
additional interactions with traditional cellular scaffold and cells.  27 
 
 
Figure 7. NanoES and synthetic tissues. (a) 3D reconstructed confocal fluorescence 
micrographs of reticular nanoES. The scaffold was labelled with rhodamine 6G. Solid and 
dashed open magenta squares indicate two nanowire FET devices located on different planes. (b) 
SEM image of a loosely packed mesh nanoES, showing the macroporous structure. (c) Confocal 
fluorescence micrographs of a synthetic cardiac patch. (II and III), Zoomed-in view of the upper 
and lower dashed regions in I, showing metal interconnects, the SU-8 scaffold (arrows in II) and 
electrospun PLGA fibres (arrows in III). (d) Epi-fluorescence micrograph of the surface of the 
cardiac patch. Green (Alexa Fluor 488): α-actin; blue (Hoechst 34580): cell nuclei. The position 
of the source–drain electrodes is outlined with dashed lines. (e) Conductance versus time traces 
recorded from a single-nanowire FET before (black) and after (blue) applying noradrenaline. (f) 
Multiplex electrical recording of extracellular field potentials from four nanowire FETs in a 
mesh nanoES. Data are conductance versus time traces of a single spike recorded at each 
nanowire FET. 
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